Interactions between distant places are increasingly widespread and influential, often leading to unexpected outcomes with profound implications for sustainability. Numerous sustainability studies have been conducted within a particular place with little attention to the impacts of distant interactions on sustainability in multiple places. Although distant forces have been studied, they are usually treated as exogenous variables and feedbacks have rarely been considered. To understand and integrate various distant interactions better, we propose an integrated framework based on telecoupling, an umbrella concept that refers to socioeconomic and environmental interactions over distances. The concept of telecoupling is a logical extension of research on coupled human and natural systems, in which interactions occur within particular geographic locations. The telecoupling framework contains five major interrelated components, i.e., coupled human and natural systems, flows, agents,causes,... Le dépôt institutionnel DIAL est destiné au dépôt et à la diffusion de documents scientifiques émanents des membres de l'UCLouvain. Toute utilisation de ce document à des fin lucratives ou commerciales est strictement interdite. L'utilisateur s'engage à respecter les droits d'auteur lié à ce document, principalement le droit à l'intégrité de l'oeuvre et le droit à la paternité. La politique complète de copyright est disponible sur la page Copyright policy DIAL is an institutional repository for the deposit and dissemination of scientific documents from UCLouvain members. Usage of this document for profit or commercial purposes is stricly prohibited. User agrees to respect copyright about this document, mainly text integrity and source mention. Full content of copyright policy is available at Copyright policy ABSTRACT. Interactions between distant places are increasingly widespread and influential, often leading to unexpected outcomes with profound implications for sustainability. Numerous sustainability studies have been conducted within a particular place with little attention to the impacts of distant interactions on sustainability in multiple places. Although distant forces have been studied, they are usually treated as exogenous variables and feedbacks have rarely been considered. To understand and integrate various distant interactions better, we propose an integrated framework based on telecoupling, an umbrella concept that refers to socioeconomic and environmental interactions over distances. The concept of telecoupling is a logical extension of research on coupled human and natural systems, in which interactions occur within particular geographic locations. The telecoupling framework contains five major interrelated components, i.e., coupled human and natural systems, flows, agents, causes, and effects. We illustrate the framework using two examples of distant interactions associated with trade of agricultural commodities and invasive species, highlight the implications of the framework, and discuss research needs and approaches to move research on telecouplings forward. The framework can help to analyze system components and their interrelationships, identify research gaps, detect hidden costs and untapped benefits, provide a useful means to incorporate feedbacks as well as trade-offs and synergies across multiple systems (sending, receiving, and spillover systems), and improve the understanding of distant interactions and the effectiveness of policies for socioeconomic and environmental sustainability from local to global levels.
INTRODUCTION
The world has undergone dramatic changes and increased interactions over long distances in recent decades, often with profound impacts on socioeconomic and environmental sustainability (Reid et al. 2010) . A poignant example involves biofuels. Biofuel mandates, such as in the European Union (EU) and the United States, have significant ramifications for food prices and carbon footprints because producing biofuel domestically may take land away from food production and importing large quantities of biomass over long distances, e. g., imports to EU from Africa, Asia, and the Americas, emits substantial amounts of CO 2 and affects land use elsewhere (Banse et al. 2008) . The increase in food prices and overall reduction in food production due in part to the growing demand for biofuels Babcock 2010, Swinton et al. 2011) contributed to global food shortages in 2008 and civil unrest in many nations. In response to social and environmental externalities, the scientific community and policy makers have begun to put forth policies and mitigation measures. However, major scientific and policy challenges remain with regard to creating timely responses that could prevent negative impacts from occurring at all. To address such challenges, we need improved understanding and the ability to predict distant interactions and their consequences in all places.
Distant environmental interactions have existed since the formation of planet earth, and distant socioeconomic interactions have occurred since the beginning of human history. However, distant interactions such as trade, transnational land deals, spread of invasive species, and technology transfer are now more prevalent, and occur more quickly, than ever before (Liu et al. 2007a ; Appendix 1). For instance, many subsistence needs, e.g., food such as grain and fish and water resources, historically met by local resource uses are now being met by increased global trade (Kastner et al. 2011 , Konar et al. 2011 ). In the past several decades, the world's total food exports have increased tenfold (United Nations Statistics Division 2012). http://www.ecologyandsociety.org/vol18/iss2/art26/ Distant interactions also occur in completely new contexts (Appendix 1). For example, the world's urban population increased from 1.02 billion in 1960 to 3.56 billion in 2010 (United Nations Department of Economic and Social Affairs 2012), with 2.54 billion more people now depending on food and other resources from places outside urban areas, and often from across the world. Economic activities increased sevenfold from 1950 to 2010 (Nelson 2005) . Many large countries such as China, India, and Brazil were poor three decades ago, but have now emerged as global economic powerhouses. The explosive development and use of social media have empowered and connected individuals across the world, with highly unpredictable socioeconomic and environmental consequences.
Distant interactions pose unprecedented challenges and opportunities for sustainability. They increasingly affect issues of global importance, such as climate change, biodiversity, food security, land use, poverty alleviation, public health, social unrest, and water scarcity. For example, international trade accounts for 30% of threats to species globally (Lenzen et al. 2012) . Although a number of countries, such as China, have experienced forest transitions, e.g., a shift from net forest loss to net forest recovery, these transitions often occur at the cost of forests in other countries through trade of forest and agricultural products (Zhu and Feng 2003 , Zhu et al. 2004 , Rudel et al. 2009 , DeFries et al. 2010 , Lambin and Meyfroidt 2011 . Impacts of climate change on agriculture are predicted to be most significant in regions where food demands are growing the fastest, e.g., China, requiring trade to bridge the gap between food production and food consumption (Jones and Thornton 2003) . More water transfer projects are being built to address water crises in regions plagued by water scarcity, including the world's largest and longest one, China's South-North Water Transfer Scheme, which aims for 45 billion m³ of annual water transfer with a planned investment of US$ 77 billion (Liu and Yang 2012) . At the same time, expansion of information technology and networks has promoted democracy (Li and Reuveny 2003) , availability of cellular phones that allow for connections with distant partners has improved trade opportunities for local shareholders (Aker 2008) , and global health networks have made vaccines increasingly available for remote communities (Milstien et al. 2006) . In addition, the rapid growth of ecocertification, sustainability standards, and sustainable sourcing strategies by large agribusiness corporations offer a potentially countervailing trend to the increase of commodity trade, by harnessing the forces of globalization for sustainability (Giovannucci and Ponte 2005, Van Kooten et al. 2005) .
Understanding distant interactions is a direct response to international calls for transforming the concept of sustainable development into practice (United Nations SecretaryGeneral's High-level Panel on Global Sustainability 2012).
Although there has been separate and fragmented research on some aspects of distant interactions, there are numerous important knowledge gaps, e.g., those identified by the National Academy of Sciences (National Research Council 2012), which called for evaluating impacts of global trade on the environment, e.g., ecosystem services, and human wellbeing, e.g., health. Distant forces have been sometimes considered, but they were often treated as exogenous variables (United Nations Secretary-General's High-level Panel on Global Sustainability 2012). Expanded distant interactions across the world require a new research framework to fill knowledge gaps and advance sustainability science and applications (Kates et al. 2001 , Turner et al. 2003 . We propose a new integrated framework for advancing our understanding of various distant interactions and instantiate it with two illustrative examples. We also highlight the implications of this framework for research and policy on sustainability from local to global levels. Finally, we discuss research needs and general approaches to move research forward.
CONCEPTUAL FRAMEWORK OF TELECOUPLINGS AND SUSTAINABILITY
Interactions between distant natural or human systems have been studied in many disciplines. For instance, the concept of teleconnections has been used in atmospheric sciences (Glantz et al. 1991 ) to refer to environmental interactions among climatic systems across long distances, such that changes in climate at one place influence places hundreds or thousands of kilometers away through atmospheric circulation (Fig. 1A) . On the other hand, economic globalization (Levitt 1983; Fig. 1B) or socioeconomic interactions between distant human systems, has long been studied by social scientists. Although such separate studies on distant socioeconomic or environmental interactions have produced useful insights, they also have led to oversights (Adger et al. 2009 , Eakin et al. 2009 We use an integrated concept, telecoupling (Liu et al. 2011) , to encompass both socioeconomic and environmental interactions among coupled human and natural systems over distances (Fig. 1C) . The concept of telecoupling is a logical extension of research on coupled human and natural systems (Liu et al. 2007b , Alberti et al. 2011 , coupled socialecological systems (Walker et al. 2004) , or coupled humanenvironment systems (Turner et al. 2003 , Moran 2010 . Telecoupling is also a unifying concept that builds upon previous concepts such as teleconnection, globalization, and world systems theory (Hornborg et al. 2007 , Dreher et al. 2008 , which have largely been limited to single disciplines (but see Adger et al. 2009 , Seto et al. 2012 .
To understand telecoupling, we propose an integrated framework. Telecoupled systems are hierarchically structured, so the telecoupling framework takes a multilevel analytic approach. At the telecoupled system level, it includes an interrelated set of coupled human and natural systems that are connected through flows among them (Fig. 2 ). At the coupled system level, each coupled system consists of three interrelated components: agents, causes, and effects ( Fig. 2) . At the component level, each component includes many elements or dimensions. For example, agents have different types, e.g., individuals, households, organizations, corporations, and there are socioeconomic and environmental effects. Furthermore, there are cross-level interactions, e.g., agents within coupled systems facilitate flows among coupled systems, and flows among coupled systems produce effects within coupled systems.
Causes produce a telecoupling between coupled human and natural systems, which generates socioeconomic and environmental effects that are manifested in coupled human and natural systems. The telecoupling is made possible by agents that facilitate or hinder the flows of material/energy and/or information among systems. Agents and causes can affect each other. As Figure 2 indicates, causes and effects are connected by feedback loops, but separating cause from effect can be a useful analytical simplification. Furthermore, although some components, e.g., agents, causes, and effects, are nested within a coupled system, treating them as separate components from systems can help highlight their roles in telecouplings and their relationships with other components. We illustrate the telecoupling framework using two detailed examples of distant interactions (Table 1) : one is dominated and initiated by humans intentionally, and the other is biologically dominated and initiated by humans unintentionally.
The first example, soybean trade, concerns the increasing trade of soybeans from Brazil to China. Chinese soybean imports grew from ~14 million tons in 2000 to ~46 million tons in 2010 (United States Department of Agriculture Foreign Agricultural Service 2010). Currently more than 80% of soybeans used by China's food industry are imported from other countries, mainly from Brazil and the U.S. Liu 2009, Brown-Lima et al. 2010) . The soybean trade between Brazil and China plays an important role in global trade markets and prices, carbon emissions, ecosystem services, and livelihoods in many coupled human and natural systems in China, Brazil, and beyond. Fig. 2 . Five major and interrelated components of the telecoupling framework. The telecoupled system is hierarchically structured and is influenced by within-level and cross-level interactions. At the telecoupled system level, it includes a set of interacting coupled human and natural systems through flows. At the coupled system level, it consists of three interrelated components, agents, causes, effects. At the component level, each component has different attributes. Causes produce a telecoupling between at least two coupled human and natural systems, which generate effects that are manifested in one or more coupled human and natural systems. The telecoupling is made possible by agents nested within the systems that facilitate or hinder the unidirectional or bidirectional flows of material/energy or information among systems. Systems can be defined as sending, receiving, and/or spillover systems, depending on the directional movement of the flow considered. For the sake of simplicity, structure and processes, e.g., local couplings, within a coupled system are not shown except those that are directly related to telecouplings between systems. The second example is the red imported fire ant (RIFA) invasion. The RIFA (Solenopsis invicta) is listed as one of the "100 worst invasive species" by the International Union for Conservation of Nature (IUCN; Lowe et al. 2000) . It reduces biodiversity and causes over US$ 6 billion in damage in the U.S. alone each year, mainly by damage to agriculture (Ascunce et al. 2011 ). The fire ant originates from South America and was first accidentally introduced to the U.S. on cargo ships in the early 1900's (Ascunce et al. 2011) . It spread widely throughout the southern part of the country soon after being introduced, and has recently further spread to Australia, New Zealand, China, and elsewhere (Ascunce et al. 2011 ).
Although we highlight two distinct examples of telecoupling below, we emphasize that different telecouplings may interact with one another. Some of them may enhance each other, while others offset each other. Some may induce further telecouplings, while others may eliminate them. For instance, studies have indicated there are close relationships between trade and species invasions. On one hand, trade is one of the major causes of species invasions (Crosby 1986 , Nentwig 2007 . On the other hand, species invasions have led to feedbacks including restrictions and inspections of traded goods and products, with calls for stronger measures such as tradable permit programs (Horan and Lupi 2005) and invasive species tariffs (Margolis et al. 2005) in the future.
Systems
Systems refer to coupled human and natural systems or integrated systems in which humans and nature interact (Liu et al. 2007b) . Although each system is in a geographic location (place), has specific contexts, and consists of many human and natural elements as well as processes (e.g., climatic and soil conditions, habitats, accessibility, topographic features such as slopes and elevation, economic and political institutions and policies, and local couplings between human and natural elements), we focus on attributes that are directly related to telecouplings between systems. For each telecoupling, systems can act as sending systems, receiving systems, or spillover systems. Sending systems can be thought of as origins, sources, or donors and receiving systems as destinations or recipients (Fig. 2) . Sending systems refer to those from which flows of material, energy, or information move outward, e.g., exporting countries, whereas receiving systems are those that obtain flows from the sending systems, e.g., importing countries. Of course, which system is defined as sending and which as receiving depends on the flow being analyzed.
Spillover systems are systems that affect and/or are affected by the interactions between sending and receiving systems. Spillover systems may be connected to sending and receiving systems in at least three main ways: by being an intermediate stopover between the two systems, e.g., migratory bird stopover or port and airport connections; by being in the http://www.ecologyandsociety.org/vol18/iss2/art26/ pathway between the sending and receiving systems, e.g., oil spill by tanker in transit; or by interacting with sending and/ or receiving systems in other ways, e.g., third party in trade agreement (Fig. 3) . A system can also be a sending system for one telecoupling and a receiving or spillover system for another telecoupling. Fig. 3 . Example typologies of relationships between sending, receiving, and spillover systems. (A) represents one-one-one relationship and (B) represents select manymany-many relationships. Arrows indicate directions of flows. More arrows are possible between sending, receiving, and spillover systems but are omitted for the sake of simplicity. Spillover systems may be connected to sending and receiving systems in at least three ways: by being in the pathway between the sending and receiving systems (e.g., oil spill by tanker in transit; straight dashed arrow), by being an intermediate stopover between the sending and receiving systems (e.g., migratory bird stopover or airport layover; long-dashed curvy arrow), or by interacting with sending and/or receiving systems in other ways (e.g., third party in transnational land deals; short-dashed curvy arrow).
In the soybean trade example, Brazil can be considered the sending system for soybean flow because it produces the soybeans and China is the receiving system because it receives the soybeans and soybean products. However, for the flows involving financial transactions for soybean production, China is the sending system and Brazil the receiving. These relationships can be seen in market transactions with products flowing in one direction and money flowing in the other direction. However, little research has been done on spillover systems, which may include every other country around the world that has historically been involved in soybean trade, such as the United States. The U.S. in particular may have been affected as a result of the cheaper costs of producing soybeans as well as technological advances in tropical agriculture in developing countries like Brazil, which competes with soybean production in the U.S. In the RIFA invasion example, South America is the sending system because that is the native habitat of the RIFA. The U.S., the first foreign country that the RIFA invaded, is the main receiving system. The interrelationships among sending, receiving, and spillover systems are complex. In terms of the numbers of sending, receiving, and spillover systems in a telecoupled system, they may be one-one-zero (one sending, one receiving, and no spillover system), one-one-one (one sending, one receiving, and one spillover system; Fig. 3A ), a mix of one and many systems (e.g., one-one-many in the case of market effects because bilateral trade may have widespread effects), or manymany-many (many sending, many receiving, and many spillover systems; Fig. 3B ). The latter are the most complex because there are not only interactions among sending, receiving, and spillover systems, but also interactions among sending systems, among receiving systems, and among spillover systems. In addition, for the same telecoupling over time, a receiving system can become a new sending system. In the RIFA invasion example, the U.S. could either be considered a receiving system or a sending system, depending on the time period in question, because it was initially a receiving system but later developed into a sending system that enhanced the spread of the species to other countries. In fact, global populations of the RIFA have been genetically traced back to U.S. populations as opposed to originating directly from South America (Ascunce et al. 2011) . For these complex interactions, it is key to characterize not only system composition, but also temporal and spatial configurations of the telecoupled system to better understand flows, agents, causes, and effects.
Flows
Flows are movements of material, energy, or information between the systems that are transferred as a result of actions taken by agents. Material and energy include biogeophysical entities, e.g., manufactured goods, food, natural resources, organisms, and biofuels, and information consists of knowledge, trade agreements, financial data, genes, and agricultural techniques. Flows can be unidirectional or bidirectional and can follow pathways that proceed directly between sending and receiving systems, or indirectly between the two by passing through spillover systems (Figs. 2 and 3).
In the soybean trade example, the main material flows include shipping of soybeans and soybean products from Brazil to China, and examples of information flows are financial transactions and trade agreements between Brazil, China, and other countries. In the case of the RIFA invasion, the main material flows involved are movement of goods for trade, ants themselves, and pesticides and other materials used to control the spread of the invaders. Information flows include the dissemination of knowledge about the damages caused by the ants and how to control the spread.
Flows can leapfrog from sending systems to distant receiving systems. This occurred with the soybean trade example involving the distant countries Brazil and China, which are 20,000 km apart by sea. Flows can also begin with receiving systems located closer to the sending systems, and radiate outward over time to more distant receiving systems. This can be illustrated by the case of the RIFA invasion's initial stages of gradual spread of the invader from the south and southeastern U.S., the initial receiving system, to California, although it leapfrogged later on when spreading from California to other countries.
Networks of infrastructure, institutions, and ecosystems play important roles in dictating the pathways that flows take as they proceed from one system to another. They include transport networks, e.g., roads, boats, vehicles, airplanes; intergovernmental networks, e.g., trade agreements; facilitators of trade, e.g., electronic customs clearances (Hertel and Mirza 2009) ; social networks, e.g., epistemic scientific communities (Haas 1993) ; and ecological networks, e.g., animal migration pathways. In the case of soybean trade, the networks allowing the flows of soybeans from Brazil to China include financial, social, transportation and government networks.
Agents
Agents, or actors, include autonomous decision-making entities that directly or indirectly facilitate or hinder telecouplings, such as via the emergence or dissolution of flows. The telecoupling framework highlights the variety of agents and the intricate connections between the agents distributed across sending, receiving, and spillover systems. Agents facilitate or prevent flows that produce, maintain, amplify, weaken, or dissolve telecouplings. They can be individuals or groups of humans or animals, e.g., socioeconomic units such as households, or organizations such as government agencies, or flocks or herds of animals.
In the soybean trade example, the main agents include soybean producers, agribusinesses, and public and private investors and their supporters in Brazil, financial investors and consumers of soybean products in China, and the respective government agencies involved in creating and enforcing trade agreements. In the case of the RIFA invasion, the main agents consist of traders who inadvertently helped spread the insect, the farmers and policy makers in the United States and spillover systems who attempt to limit further spread, e.g., by conducting control operations, and the ants that have evolved characteristics that outcompete many other insects and make them highly successful as invaders of the new habitats into which they were inadvertently introduced.
Agents form relationships with one another to produce flows that shape the telecouplings. For human agents, these may operate through social networks such as governments, institutions, private corporations, personal friendships, and kinship (Jackson and Watts 2002) . For instance, relationships between governments and corporations are important to drive bilateral trade flows between Brazil and China in the soybean trade example (Niu 2010 For establishing new telecouplings, innovative agents that are flexible in their requirements may be most often successful, but different characteristics, such as resilience, may matter more for maintaining and strengthening an existing telecoupling. Alien species like the RIFA take hold and become invasive in receiving systems when they thrive in new biotic conditions and outcompete natives for limited resources (Callaway and Ridenour 2004) . The soybean trade between Brazil and China has thrived in part because the flexible trade agreements adopted by Brazil and China allow the systems to adapt to new markets and opportunities, and because there are highly effective commodity value chains linking producing regions with the main markets abroad.
Causes
The causes of a telecoupling are factors that influence its emergence and dynamics, e.g., changes in strength. Most telecouplings have more than one cause. A cause may originate in a sending, receiving, or spillover system (Fig. 2) . A cause can be classified as proximate or ultimate (Laland et al. 2011) . Political, economic, cultural, technological, or ecological change can produce new dynamics in the telecoupled system and all of these changes are intertwined. Shifts in preferences can alter demand, technological innovations and diffusions can alter supply, and the interplay of supply in the sending system and demand in the receiving system can shape the system dynamics. Changes in institutions including policies and rules can induce or retard interaction with a distant system. Ecological factors play important roles in telecouplings. Causes also interact with effects via feedback mechanisms.
There are multiple causes of the soybean trade telecoupling. One of the main economic causes is a demand for soybean products, e.g., vegetable oil and animal feed in China and a supply of land, water, and capital for soybean production in Brazil. A political cause is the Chinese government's interest in pursuing foreign investments and the Brazilian government's interests in developing the export market. A cultural cause is preferences for soybean products and animal products, resulting from soybeans as animal feed, by the Chinese people. Technological causes include agronomic advances mostly by Embrapa, the Brazilian Agricultural Research Corporation, which invested heavily in developing tropical agriculture technology to cope with acid Cerrado soils, and the development of soybean varieties adapted to Ecology and Society 18(2): 26 http://www.ecologyandsociety.org/vol18/iss2/art26/ these latitudes that are able to biologically fix nitrogen from the atmosphere (Alves et al. 2003 (Alves et al. , 2006 . In addition, development of supply chains and rapid advancements in the efficient storage and long distance transport of agricultural products like soybeans in recent years have also facilitated this telecoupling. An ecological cause is the good climatic conditions for growing soybeans in Brazil.
For the RIFA invasion telecoupling, one of the main economic causes is an increase in global trade. RIFAs were primarily spread accidentally on transport vessels along with other goods involved in transnational trade (Ascunce et al. 2011) . A political cause is improved governmental and interorganization relationships between countries in South America and the United States in the early 1900s that facilitated such trade by allowing for open exchange. A technological cause relates to advances in ship construction and operations around this same time that allowed for long distance transport of goods in unprecedented volumes. A cultural cause is the increasing preferences of consumers in the U.S. for foreign goods. A key ecological cause of the successful spread of the species is the innate superior competitive abilities of the species in the new environments into which it was introduced and their resilience to environmental challenges such as floods and droughts (Vinson 1997) .
Effects
Effects refer to socioeconomic and environmental consequences or impacts of the telecoupling. They can be manifested in sending, receiving, and/or spillover systems in different ways (Fig. 2) . Effects can occur at multiple spatial, temporal, and organizational scales. We divide effects into two main categories, socioeconomic and environmental (Table 1) , but emphasize that the two are inherently linked to each other. These effects may promote or hinder environmental and/or socioeconomic sustainability (Liu 2010 ).
In the soybean example, trade between Brazil and China may cause increased intensity of agricultural land use in Brazil (Macedo et al. 2012) , increased use of herbicides in no-tillage production systems, increased use of pesticides and fertilizers, mainly phosphorus, and loss of biodiversity and ecosystem services (Martinelli et al. 2010) . Trade of soybeans has also caused displacement of local people and rural violence in Brazil, afforestation and carbon sequestration in China, and carbon emissions in spillover systems, e.g., throughout transport routes (Table 1 ). In China, many farmers have abandoned soybean production because of lower prices of soybean imported from Brazil and much of the original soybean land has been used for the production of other crops, e.g., maize, or converted into forests (GRAIN 2012) . The trade has generated income for some sectors of Brazilian society (Lima et al. 2011 ). In the case of the RIFA invasion, species invasion has caused reduction of biodiversity in native invertebrate communities, destruction of habitat for wildlife, loss of agricultural crops and ensuing loss of income, damage to furniture and residences, and injury to livestock and humans as a result of painful and potentially dangerous bites from RIFA (Vinson 1997 ; Table 1 ).
Types of complex effects observed in individual coupled human and natural systems (Liu et al. 2007b ) may also be evident in telecoupled systems, including indirect effects, sometimes called 'second-order effects,' cascading effects, nonlinearities, time lags, legacy effects, induced effects, and feedbacks. Cascading effects refer to phenomena in which the effects of telecoupling on one system or system component radiate outward to affect multiple other systems or components. In the soybean trade case, Embrapa in Brazil has taken its new agricultural technologies for soybean production to spillover countries in Africa where they are engaging in large-scale development in the savannas (Galerani and Bragantini 2007, Batistella and Bolfe 2010) . Effects are often nonlinear, and may have time lags, in which they do not appear until years or even decades after the telecoupling is initiated. Legacy effects are those that may last for an extended period of time even after the telecoupling has ceased to operate. An example of an induced effect, i.e., a secondary effect brought on by another effect, in the soybean trade case is its influence on other agricultural sectors and overall consumer spending. Furthermore, changes in the income of laborers harvesting the soybeans cause labor income to vary, and create induced alterations in demand for food and other goods that the laborers consume, which has cascading effects on the broader economy and spillover systems (Altieri and Pengue 2005) .
Feedbacks are important features of telecouplings. Feedbacks occur between systems when effects of the first system on a second system feed back to affect the first system. Some feedbacks between systems can be fast, while others may be very slow and take a long time to be realized or detected. In the soybean trade example, the shift in land use in China away from soybean production has led to a positive feedback, whereby China's demand for soybeans from Brazil has increased and resulted in further development of soybean production in Brazil. Furthermore, the soybean trade may also help promote more Chinese investment in Brazil and the import of products, e.g., machinery, textiles, from China to Brazil (Brainard and Welch 2012) . In the RIFA invasion case, RIFA caused substantial environmental and socioeconomic damage to the receiving system, the U.S., prompting the development of techniques to hinder the spread of the invaders in the receiving system. The techniques then fed back to affect the sending system, South America. More specifically, between 1961 and 1975, 250 ,000 kg of the compound Mirex, a chlorinated hydrocarbon and derivative of cyclopentadiene, was used for ant control in the southeastern U.S. Nearly 150,000 kg was exported to Brazil for ant control during the same period (Eisler 2007 ). However, the use of Mirex had a http://www.ecologyandsociety.org/vol18/iss2/art26/ double negative effect because (a) it is a bioacumlative pollutant and its use was prohibited by the U.S. Environmental Protection Agency in 1976, and (b) it helped to spread the fire ant because it also killed native ants that competed with the fire ants (Markin et al. 1974 ). Another feedback is the importation of natural enemies, e.g., flies and microorganisms, of the fire ant from Brazil to the U.S. as an invasion control method decades after the RIFA was established in the U.S. (Callcott et al. 2011) .
Although some studies have been done regarding effects on both sending and receiving systems in each of our examples, little or no research has been published on their effects on spillover systems. Some research has shown transporting food and products can have huge impacts on the environment along and beyond the routes, such as energy consumption and emissions of pollutants, e.g., CO 2 .These suggest the potential impacts of transporting soybeans from Brazil to China, but no quantitative research on such impacts has been published.
There may be interactions among different types of telecouplings. For example, studies have found that the spread of many invasive species is made possible by trade (Westphal et al. 2008) . Although no literature is available regarding the relationships between the two examples in this paper, applying the telecoupling framework may help researchers to look into possible relationships between soybean trade and species invasion, and their relations with other types of telecouplings.
IMPLICATIONS OF THE TELECOUPLING FRAMEWORK
The framework of telecoupling provides a common language, logical consistency, systematic approach, and holistic guidance for researchers and others who work on different types of distant interactions. It can help transform our understanding of how the world functions over distances and identify solutions to achieve socioeconomic and environmental sustainability across local to global levels, because it is uniquely integrative in several ways.
The framework integrates both socioeconomic and environmental interactions over distances, as opposed to just socioeconomic or environmental interactions
This can help expand the scope of previous research on distant interactions, such as trade, animal migration, climate teleconnections, which mainly focus on either socioeconomic interactions, e.g., trade, or environmental interactions, e.g., animal migration. Because it provides information on socioeconomic and environmental interactions simultaneously, it can help assess trade-offs between socioeconomic and environmental consequences, and achieve both socioeconomic and environmental sustainability, e.g., human well-being and biodiversity conservation (Carter et al. 2012 , United Nations Environment Programme 2011).
The framework considers sending, receiving, and spillover systems together as a telecoupled and networked system, as opposed to just sending and/or receiving systems
By including spillover systems, the framework opens up a new frontier in research and policies because spillover systems were rarely considered before. For example, the framework suggests that bilateral agreements, which often focus on sending and receiving systems, should be adaptive by accounting for spillover systems as they emerge. In the soybean trade case, besides Brazil and China as soybean sending and receiving countries, spillover systems such as the U.S., a major soybean producer and a traditional exporter of soybean, are affected environmentally and socioeconomically because export of soybeans from Brazil to China affects China's import from the U.S.
The framework can help evaluate socioeconomic and environmental trade-offs and synergies across multiple systems, as opposed to just one system
For example, there have been calls for consuming local goods and products to support local producers and reduce environmental impacts from long distance transport (Halweil 2002) . However, there have been measures that support the sustainability of distant systems, e.g., via purchasing sustainable coffee (Giovannucci and Ponte 2005) . Still, others argue that dependence on local produce may compromise food security and forgo opportunities to use production areas with high yields and low environmental impacts (DesRochers and Shimizu 2012, MacMillan 2012) . Indeed, the trade-offs between local and global sourcing of food are complex and system-dependent; for instance, recent evidence suggests that converting to local consumption may only reduce global emissions in regions with low intensity of greenhouse gas emissions (M. Avetisyan, T. W. Hertel, and G. Sampson, unpublished manuscript) . Understanding synergies and tradeoffs of telecouplings can help minimize the negative externalities outside the system of prime interest.
The framework can help promote policies for sustainability because it explicitly considers distant interactions as feedbacks, as opposed to just unidirectional influence
Feedbacks are an important mechanism to maintain system sustainability. Indeed, policies can be useful feedbacks to guide systems toward sustainability. By considering feedbacks explicitly, the framework can prompt researchers and policy makers to assess the existence and effectiveness of feedbacks among sending, receiving, and spillover systems. One example involves policies implemented to promote transnational land deals in developing countries, which initially bolster local economies, but later may promote social inequities and land degradation when positive feedbacks from foreign investment markets result in excessive use of local resources (Baird 2011) . Thus, new policies should be developed to initiate negative feedbacks to reduce land degradation and social inequities. 
The framework can facilitate studies on the interrelationships among different types of distant interactions, as opposed to just one type of interaction
Telecoupling is an umbrella concept and includes various distant interactions, e.g., trade, species invasion, migration (Linderman et al. 2005 ) and tourism (He et al. 2008 ; Table 2 ). Similar to the umbrella concept of ecosystem services, which encompasses a variety of nature's benefits to humans and facilitates studies on relationships among different types of services, e.g., carbon sequestration, food provisioning, pollination, water purification, and recreation (Daily 1997 , the framework of telecoupling can help promote systematic, multidisciplinary studies on different types of distant interactions and their interrelationships. For example, it may promote cooperative research on trade and animal migration. Shade coffee plantations, which produce coffee for trade, have been known to provide key migratory bird habitat (Perfecto et al. 1996) . At the same time, the presence of migratory birds on such plantations has promoted trade by creating a new market for trade of biodiversity friendly coffee to eco-conscious buyers (Rice and Ward 1996) .
The telecoupling framework as presented here marks a significant conceptual advance by adding substantially to other related theoretical frameworks such as the Institutional Analysis and Development (IAD) framework of Elinor Ostrom and colleagues (Anderies et al. 2004 , Ostrom 2005 . IAD provides an analytical structure to understand how different institutions, i.e., formal rules and the rules-in-use, influence common and locally used resources. From a telecoupling perspective, some institutions may be understood as socioeconomic feedback mechanisms, using information on outcomes to adjust rules to accomplish societal goals. To this, the telecoupling framework adds a focus on biophysical feedbacks influencing the flows that move beyond the local systems in most IAD work. Furthermore, the telecoupling framework differs from the IAD framework by explicitly accounting for spillover systems and interactions, including feedbacks, among distant coupled systems that are increasingly interconnected (Liu and Diamond 2005, Henry and Dietz 2011) .
Viewing distant interactions as telecouplings can help identify knowledge gaps and promote sustainability research and governance. The telecoupling framework expands traditional research on distant interactions to open new lines of inquiry and generate crucial insights on many otherwise hidden impacts. Although previous studies have largely focused on either socioeconomic issues of certain distant interactions, e. g. trade, foreign direct investment, technology transfer, human migration, or on environmental/ecological issues of other distant interactions, e.g., animal migration, they may all have both socioeconomic and environmental implications. There are many different types of telecouplings that can have profound effects on sustainability (Table 2) .
MOVING RESEARCH ON TELECOUPLING FORWARD
Telecouplings offer unique challenges and opportunities for sustainability science and applications, e.g., conservation, development, provision of ecosystem services, climate change adaptation and mitigation, invasion control, energy use, land use, and water use. Many important and complex questions remain to be answered about telecouplings (Table 3) . For instance, how do telecouplings emerge, how do they change over time, and how are they dissolved? How do they interact with each other? Under what conditions do telecouplings enhance or reduce sustainability? What properties of a given system make it more probable to become a sending, receiving, or spillover system for a given telecoupling? What are similarities and differences among telecouplings?
There are numerous knowledge gaps. For example, even though global trade is widely studied, many of its effects remain unknown. Although accounting for the land area necessary to produce traded agricultural products is useful (Meyfroidt et al. 2010) , it does not measure many important environmental and socioeconomic effects because it does not consider the large differences among land-cover types in carbon stocks, biogeochemistry, and human well-being (Meyfroidt et al. 2010 ). Furthermore, in most studies, spillover systems have not been considered or recognized. However, effects of telecouplings on spillover systems may sometimes be even larger than those in receiving and sending systems. Spillover systems may play key roles in local to global sustainability because they connect and propagate the effects of telecouplings widely across space. In addition, crosssectoral connections among coupled systems remain a largely uninvestigated area of research. Examples include food-feedfuel exchanges in the agricultural sector and more broadly agriculture-energy-finance linkages among sending, receiving, and spillover systems, e.g., relationships between biofuels, financial investments, and land commodities.
Compared to local couplings, telecouplings create greater challenges for research (Table 3) and governance (Table 4) because they are more complex, involving multiple flows, multiple agents, multiple causes, and multiple effects across multiple systems at multiple scales and often across administrative and political borders. Governance approaches may need to be quite different between those depending on local couplings versus those in which telecouplings have strong influences. Systems that have only local couplings may lack resilience when disasters occur. Telecoupled systems may serve as reservoirs for replenishing populations of species depleted by disasters, and sources of information, material, and energy flows when local human infrastructure is destroyed. However, those who fully depend on telecouplings may also encounter risks when telecouplings dissolve or are disrupted and no substitutions are available. For example, when other countries' demands for products decline because http://www.ecologyandsociety.org/vol18/iss2/art26/ Table 2 . More examples of distant interactions as telecouplings and actual/hypothetical relationships to sustainability in sending, receiving, and spillover systems. Only some attributes of telecouplings have been studied in the past and most attributes remain unknown. Feedbacks among different systems are not stated for the sake of simplicity.
Distant Interactions as Telecouplings Relationships to Sustainability in Sending, Receiving, and Spillover Systems Trade of goods and products, e.g., food, timber, medicine, and minerals
Resources, e.g., land, water, labor, are used for producing goods and products in the sending systems, and pollutants are also released during the production processes. Socioeconomic sustainability may increase while environmental sustainability may be compromised. In receiving systems, environmental quality may increase while socioeconomic benefits, e.g., job loss, may suffer. In spillover systems, sustainability may be affected in various ways depending on the relationships with sending and receiving systems. Development investment, e.g., foreign direct investment Development investment may stimulate economic markets and resource use, e.g., for agricultural production, manufacturing facilities, and affect the environment in the receiving systems, may or may not slow down economic growth or resource development in the sending systems, and may influence spillover systems in various ways. Transnational land tenure transfer Transnational land tenure transfer, e.g., transnational land deals or land grabbing, may negatively affect land governance and tenure as well as livelihood of people and environment in sending systems, enhance food and energy security and improve environment in receiving systems, and affect spillover systems in various ways. Conservation investment Conservation investment, e.g., payments for ecosystem services, may conserve and restore environmental sustainability in receiving systems, may or may not compromise sustainability in the sending systems, and may influence spillover systems in various ways.
Technology transfer
Technology generation may lead to socioeconomic and environmental consequences by consuming resources, e.g., land, water, energy, human resources, in sending systems. Technology implementation, e.g., new irrigation method, new vehicle battery, may affect environmental and socioeconomic sustainability in receiving and spillover systems. Knowledge transfer Knowledge transfer, e.g., theories, techniques, innovations, governance, and management approaches, may affect resource use patterns in receiving and spillover systems and can increase both environmental and socioeconomic sustainability, e.g., by increasing efficiency. The sending systems may benefit or suffer from knowledge transfer in terms of finance and recognitions.
Human migration
Human migrants may or may not abandon the sending systems, e.g., land and other resources, and occupy the receiving systems, e.g., for jobs. The resource consumption also shifts from sending to receiving systems, influencing sustainability in both systems. Effects on sustainability in spillover systems may vary depending on their relationships with sending and receiving systems. Tourism Tourism ventures, e.g., scenic spots, restaurants, hotels, and associated infrastructure, e.g., roads, may be undertaken in receiving and spillover systems and may bolster socioeconomic sustainability, but potentially threaten environmental sustainability. Sending systems may also be affected, e.g., by loss of financial capital to the receiving and spillover systems, by reducing resource consumption and benefitting the environment while absent at home.
Waste transfer
Transfer of waste, e.g., electronic waste and pollutants in the atmosphere and water, may reduce environmental and human health impacts in the sending systems, but may negatively affect sustainability in receiving and spillover systems by contaminating ecosystems, e.g., landfills, and affecting human health.
Species invasion
Invasive species occupy receiving and spillover systems, where they affect sustainability by altering land use and land cover, aquatic ecosystems, water quantity and quality, ecosystem services, economic revenues, and biodiversity. Sending systems may be affected through feedbacks from receiving and spillover systems, e.g., Mirex, a derivative of cyclopentadienem was exported from the U.S. (receiving system) to Brazil (sending system) to control the Red Imported Fire Ant that originated from South America such as Brazil. Animal migration Animal migrants, e.g., migratory birds, migratory ungulates, may use sending, receiving, and spillover systems during different times of the year. Migration affects ecosystem processes and environmental sustainability. Because migrants may spread diseases and predate on crops, they may also affect socioeconomic sustainability. Water transfer Facilities for water transfer, e.g., channels and reservoirs, may be created in sending, receiving, and spillover systems, and may change land use, water use, biodiversity, and economic growth in all systems. Water transfer increases water availability but spreads pollutants and invasive species to receiving and spillover systems, and reduces water in sending systems.
Species dispersal
Species dispersal may result in a reduction in densities of animal, plant, or microbe species in the sending systems, but an increase in densities in the receiving and spillover systems, e.g., dispersal corridors. Changes in species densities may improve or harm environmental and socioeconomic sustainability in each system depending on their specific characteristics. Atmospheric circulation Circulation of atmosphere may affect environmental and socioeconomic sustainability in sending, receiving, and spillover systems. Examples include changes in water quantity and quality, e.g., through evaporation, land cover, e. g., soil erosion in sending systems and soil deposit in receiving systems, and ecosystem services, e.g., by transporting pollutants such as acid rain.
of international competition, many manufacturing facilities in the U.S. have closed with devastating effects on local economies and human well-being (Minchin 2009 ). In systems where both local couplings and telecouplings already exist, it is important to evaluate how well they are balanced.
Integrating both local couplings and telecouplings into decision making can enhance adaptive capacity. Such integration may benefit from creating new institutions and/or reforming existing ones at the local, national, and international levels, e.g., the United Nations, World Bank, and World Trade http://www.ecologyandsociety.org/vol18/iss2/art26/ Organization. There have been some international policies that seek to manage for effects of distant interactions such as The Convention on International Trade in Endangered Species Flora and Fauna (CITES) and Reducing Emissions from Deforestation and Forest Degradation (REDD), both of which involve cross-country regulation of flows of materials that affect sustainability, i.e., endangered species, carbon, and forest products. However these endeavors often focus on particular socioeconomic or environmental impacts and few attempt to approach policy making from an integrated telecoupling perspective, a perspective that addresses multiple impacts and feedbacks among sending, receiving, and spillover systems.
Priorities for advancing telecoupling research include: (1) development and integration of new theories and methods to better examine telecouplings for sustainability, e.g., how feedbacks influence multisystem dynamics, (2) creation of knowledge on telecouplings and insights useful for assessing changes in telecoupled systems, e.g., how trade in commodities influences people and the environment in sending, receiving, and spillover systems, (3) exploration of complex relationships among various telecouplings, e.g., species invasions, trade, migration, disease spread, flows of ecosystem services, and (4) investigation of strategies for making telecoupled systems more sustainable at multiple scales and across different systems.
Studying and promoting sustainability in the context of telecouplings requires new research directions. These may include (1) adoption of the telecoupling framework, (2) changes in research approaches from locally focused inquiry to network-based inquiry into telecoupled systems, e.g., expansion of research at individual places to connections among multiple places, and from multisite comparisons to cross-system integration, and (3) collaborations among researchers and stakeholders in sending, receiving, and spillover systems. Network science may provide especially useful theoretical and methodological tools for understanding telecoupled systems, which are fundamentally a form of networks (Bodin and Prell 2011) . Studying telecouplings can fill many research gaps such as determining ecological consequences of increased social networking for distant resource usage, and predicting future land and water use scenarios to address global land and water shortages for food and biofuel production.
The telecoupling framework can also lead to new analytical approaches and improve existing approaches. For example, agent-based modeling is widely used for research in land change and coupled human and natural systems (Chen et al. 2012; Filatova et al., in press ), but the agents are mainly restricted to those within a coupled human and natural system. The telecoupling framework calls for explicitly incorporating interactions among agents in distant coupled systems, or Systems integration, or bringing together data on different aspects of the telecoupled system from diverse disciplines, can help understand telecouplings. For example, systems models can be employed to explore the long-term consequences of policy scenarios regarding telecouplings to enhance their positive effects and reduce their negative effects across multiple scales, and evaluate sustainability options for adaptation to changes in telecouplings. Studies at the global and national scales can provide a broad context of telecouplings, while studies at regional and local scales can achieve detailed understanding of coupled systems, flows, agents, causes, and effects of telecouplings in particular systems. For example, although there have been studies at the international level on displacement of land use (Meyfroidt et al. 2010 , Lambin and Meyfroidt 2011 ), especially deforestation (DeFries et al. 2010 , few studies at the national, regional, and local scales have been simultaneously linked to global-scale analyses (Rudel 2005 , DeFries et al. 2010 . By taking a multiscale systems approach, it is possible to trace telecouplings. Studies on telecouplings can also benefit from a portfolio approach (Young et al. 2006) , which involves developing a multidisciplinary toolbox of theories and approaches, because no single method is able to accomplish everything (Verburg et al. 2008) . Furthermore, revolutionary communication technologies such as social networking tools could enable the establishment of "crowdsourcing" platforms (van der Velde et al. 2012 ) and more participatory and transparent approaches to research and governance for positive socioeconomic and environmental outcomes.
CONCLUSIONS
The telecoupling framework provides a broader analytical lens to integrate distant socioeconomic and environmental interactions affecting sustainability across local to global levels. It explicitly accounts for environmental and socioeconomic interactions across sending, receiving, and spillover systems simultaneously. As a common and logically consistent language, the framework integrates various human and natural elements, e. Bilateral ows of Overseas Development Assistance (ODA) for forest conservation went from 600-900 million USD in the late 1980s to more than 1 billion USD in 1990-92 before declining to the previous amount by the late 1990s (Molnar et al. 2004) . Multilateral ows were 500-700 million USD in the late 1980s, over 1 billion USD in 1990-92, and below 400 million USD in the mid 1990s (Molnar et al. 2004) 
